The present density functional theory study addresses the question whether the presence of H 2 O influences the catalytic activity of small gold clusters, Au 1−4 /MgO(100), towards the oxidation of carbon monoxide. To this end, we studied the (co-)adsorption of H 2 O and CO/O 2 on these gold clusters. The ground state structures in the presence of all three molecular species, that we found, are Au 1 O 2 /MgO and Au 2−4 CO/MgO with H 2 O adsorbed on the surface in the proximity of the clusters-molecule complex. In this configuration the catalytic activity of Au 1−4 /MgO is indifferent to the presence of H 2 O. We also found that a stable, highly activated hydroperoxyl-hydroxyl complex, O 2 H·· OH, can be formed on Au 1,3 /MgO. For the catalytic active system Au 8 /MgO, it has been predicted that this complex opens an alternative catalytic reaction pathway towards CO oxidation. Our results suggest that this water mediated catalytic cycle is unlikely to occur on Au 1,3 /MgO. In the case of Au 1 /MgO the cycle is interrupted by the dissociation of the remaining (OH) 2 complex after forming the first CO 2 molecule. On Au 3 /MgO the O 2 H · · OH complex is likely to decompose upon the impact of a CO molecule, since three of its bond dissociation energies are comparable to the reaction barrier of the CO to CO 2 oxidation.
Introduction
Gold, known and treasured for being chemically inert in bulk, received new attention after the discovery [1, 2] that supported nanometer-sized gold particles have a substantial catalytic activity towards low-temperature oxidation of carbon monoxide [3, 4, 5] . Even sub-nanometer gold clusters, consisting of a few atoms only, showed an interestingly high activity towards CO oxidation, both in the gas phase and on metal-oxide supports [6, 7, 8, 9, 10] . During the this work.
Computational details
The scalar-relativistic ab-initio DFT calculations were performed using the projector augmented wave (PAW) [27, 28] method as implemented in vasp [29, 30] . The exchange-correlation interaction was treated in the generalized gradient approximation (GGA) in the parameterization of Perdew, Burke, and Ernzerhof (PBE) [31] . A cut-off energy of 600 eV was used and a Gaussian smearing of σ = 0.02 eV for the occupation of the electronic levels. Spin-polarization was taken into account for all calculations. The MgO(100) surface was modeled in a supercell approach with a two monolayer thick 3 × 3 MgO slab. The unit cell was constructed using the equilibrium lattice parameter of MgO (4.235Å) obtained in the corresponding bulk calculations. The repeated slabs were separated from each other by 27Å of vacuum. A Monkhorst-Pack Γ-centered 2 × 2 × 1 kpoint mesh was used for the structural relaxations. The relaxation cycle was stopped when the Hellmann-Feynman forces had become smaller than 5 · 10 −3 eV/Å. The charges were calculated by means of the Bader analysis [32] . For an exothermic adsorption of A on adsorbent S the adsorption energy,
, is negative.
Adsorption of H 2 O on Au 1−4 /MgO
The gold clusters Au 1−4 stand on the regular MgO(100) terrace and form bonds with oxygen atoms O s , which donate 0.3 e − per Au-O s bond to the clusters [12, 33, 21] .
Starting from various initial configurations, we identified two possible sets of adsorption sites for H 2 O. First, on the MgO surface in the proximity of Au 1−4 , Fig. 1 , and, second, on top of Au 1−4 /MgO, Fig. 2 . The adsorption energies for both cases are shown in Fig. 3 (a) together with E ads on bare MgO.
We found that the binding mechanisms of H 2 O in the proximity of Au 1−4 and on bare MgO are rather similar: in both cases the water-oxygen atom binds to a surface magnesium Mg [34, 35, 25] . It receives a small addition charge of up to 0.1 e − from the surface oxygens surrounding this Mg. The charge donations from the surface oxygens to the gold clusters and the water molecule are virtually unaffected by their mutual proximity. Also the structural changes in the Au clusters are rather small, i.e. bond lengths change by less than 1.5%.
In the proximity of Au 1−4 /MgO two effects influence the adsorption energy of H 2 O: first, the Coulomb repulsion between the negatively charged cluster and molecule and, second, the orientation of the water molecule's electrical dipole towards the clusters. At the binding site on top of the next-nearest Mg from the gold cluster H 2 O gains most energy from the combination of these two effects.
The energy cost of separating H 2 O from the Au cluster, Fig. 3 (b) , is identical to the difference E prox ads -E bare ads of the H 2 O adsorption energies close and further away from the cluster. Therefore the adsorption energy of the gold clusters is not affected by the proximity of the water molecule and the energy is gained from the orientation of the electrical dipole, only.
The other (meta-)stable adsorption sites for H 2 O are on top of the gold clusters, see Fig. 2 and Fig. 3(a) for the adsorption energies. The adsorption on top of the clusters shows pronounced cluster-size effects: depending on the parity of the number of Au atoms in the cluster H 2 O forms an Au-H (odd) or an Au-O bond (even), see Fig. 2 . The oscillations of properties due to the changing parity of the number of Au atoms were previously observed for low dimensional gold structures [36, 37] . The tetramer has two adsorption sites, the two gold atoms at the top. If CO and H 2 O co-adsorb on one of these sites each, they barely influence each other, as it can be seen, for instance, from their unaltered adsorption energies.
The oxygen molecule can only weakly co-adsorb on Au 2 H 2 O/MgO, which does not lead to any structural changes. In the other three cases O 2 forms, to different degrees, new molecular complexes with the pre-adsorbed H 2 O. Especially on the odd-numbered clusters hydroperoxyl-hydroxyl complexes, i.e. O 2 H··OH, are formed on top of the gold clusters, 
It essentially depends on the formation of a highly activated complex, consisting of a hydroperoxyl and a hydroxyl group, i.e. O 2 H · · OH, on top of the gold cluster. Although we found that these complexes are stable on top of Au 1,3 /MgO, see E ads in Fig. 5 , their formation probability is limited by the fact that H 2 O has only a meta-stable adsorption site on Au 1,3 /MgO, Fig. 3 (a) . Figure 7 shows the ground state structure of these two complexes and the calculated Bader charges. One hydrogen atom is moved from the pre-adsorbed water molecule towards the oxygen molecule, which redistributes its electron towards O 2 . The so formed hydroperoxyl group has a highly activated O-O bond, i.e. the bond is stretched by 9% to 1.34Å.
The remaining hydroxyl group receives an additional charge of 0.5 e − from the gold clusters, i.e. a Bader charge of 7.5 e − on OH instead of 7 e − , Fig. 7 . Naturally the question arises, if these complexes open a reaction pathway towards CO oxidation as in the case of Au 8 /MgO? To answer this, we calculated the total energies of the system during the reaction steps of the catalytic cycle Eqs (1) to (3), see Figs. 8 and 9.
For Au 1,3 /MgO, where the O 2 H · · OH can be formed, we find it unlikely that a full catalytic cycle can be established. The formation of the first CO 2 molecule from a CO molecule and an oxygen atom from the hydroperoxyl group involves an activation barrier. We obtained activation energies for this reaction of 0.5 eV for Au 1 and 0.6 eV for Au 3 from a restricted molecular dynamics simulation. The kinetic energy of the CO molecule has to exceed these activation energies. Thus, a necessary condition for the oxidation reaction to happen is that the strength of the bonds B2 -B4 in the molecular complex, shown in the insets of Figs 8 and 9 , exceeds the kinetic energy of CO. This might occur for Au 1 /MgO, since the remaining bonds B2 -B4 in the O 2 H · · OH complex have bond dissociation energies of at least 1.27 eV. However, the remaining complex (OH) 2 on Au 1 /MgO undergoes a barrier free dissociation into two hydroxyl groups. One of which is adsorbed on the adatom and the other one nearby on the MgO surface. This dissociation is possible since bond B3 is weakened to -0.6 eV once the oxygen atom is removed from the hydroperoxyl group. On MgO, on the other hand, the adsorption energy of an OH group is -1.19 eV. Both OH are inert towards a reaction with the second CO molecule, therefore interrupting the catalytic cycle.
In the case of Au 3 /MgO the situation is different. First of all the adsorption energy of the O 2 H · · OH complex is more than 50 % smaller than that on the adatom. At the same time the activation barrier for the formation of CO 2 is higher, making this step even slightly endothermic, cf. Fig. 9 . This reaction becomes even more problematic, if one considers the bond dissociation energies of B2 -B4, cf. insets in Fig. 9 , which are very close to the activation barrier. Hence it is quite likely that one of the bonds B2 -B4 breaks upon the impact of a CO molecule with a kinetic energy, necessary to overcome the reaction barrier. Still, if we assume for a moment that the bonds B2 -B4 will hold and the first CO 2 molecule is formed, than the remaining steps in the proposed catalytic cycle are exothermic and barrier free, see Fig. 9 .
In conclusion, the dissociation of (OH) 2 in the case of Au 1 and the probable breaking of one of the bonds B2 -B4 in the molecular complex on Au 3 makes the proposed water mediated catalytic cycle unlikely to occur on the small gold cluster considered here.
Summary and conclusions
By means of density functional theory we studied the adsorption of H 2 O on small gold clusters, Au 1−4 , supported by a regular MgO terrace. We found that even these small gold clusters attract water molecules to their proximity. Two sets of stable adsorption sites exist: first, the energetically more favorable site on MgO in the proximity of the gold clusters, and, second, on top of the clusters. The latter showed a pronounced odd-even oscillation in the binding mechanism between H 2 O and gold, depending on the number of gold atoms in the cluster.
We systematically studied the co-adsorption of H 2 O with CO and O 2 on Au 1−4 /MgO and found that it is in general energetically more favorable to have CO/O 2 adsorbed on top of the cluster with H 2 O in the proximity. Although we found the adsorption energies of CO and O 2 to be enhanced by the proximity of H 2 O, the known small catalytic activities of Au 1−4 /MgO towards CO oxidation remain unaltered in this configuration.
On Au 1,3 /MgO the oxygen and water molecules can form a stable, highly activated O 2 H · · OH complex. In contrast to the previously published findings for Au 8 /MgO, these complexes are unlikely to open a catalytic reaction pathway towards CO oxidation. The reaction barrier for the first CO oxidation is 0.6 eV on the gold trimer, which is comparable to the bond dissociation energies in three of the five bonds in the O 2 H·· OH complex. Hence, the molecular complex is likely to decompose as a result of the CO impact.
Although the bonds are stronger in the O 2 H · · OH complex on the adatom, the intermediate (OH) 2 complex, formed by oxidizing one CO molecule, dissociates barrier free into two hydroxyl groups, one on the adatom and one on the surface nearby. Since these OH-groups are found to be inert towards CO, the catalytic cycle is interrupted.
We conclude that H 2 O can promote the co-adsorption of CO and O 2 on Au 1−4 /MgO, but a stable, H 2 O mediated, catalytic cycle towards CO oxidation is unlikely to occur on these clusters when supported by a defect free MgO terrace. In real-world samples surface defects, like steps and vacancies, might be responsible for catalytic activities of sub-nanometer sized gold clusters. Further investigations into this field are desirable. 
